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Description 

BACKGROUND OF THE INVENTION 

s Fieidof ttie invention 

Tlie present inventbn relates to a photovoltaic element such as a solar cell suitable as a power source tor various 
eiectfonic equipments or a power supply plant and, more particularly, to a multi-layered photovoltaic element having 
a specific feature in its ceii structure. 

10 

Related Background Art 

A solar cell for converting a sunbeam into electric energy has been widespread as an Industrial low-power source 
of, e.g., an electronic calculator and a wristwatch. A solar cell has received a great deal of attention as a practical future 

15 technique for generating power in place of so-called fossil fuel such as petroleum or coal. The solar cell Is a technique 
utilizing the photovoltaic effect of a p-n junction of a semiconductor. A semiconductor such as silicon absorbs a sunbeam 
to generate photocarriers as electrons and holes. The photocarriers are drifted by an internal electric field at a p-n 
junction, thereby externally extracting them as electric energy 

One conventional method of forming such a solar cell Is practiced using a monocrystalline semiconductor process. 

20 More specifically, monocrystalline silicon whose valence band is controlled to exhibit^ or n type is fomfied by a crystal 
growth method such as a CZ method. This monocrystalline silicon ingot is sliced to obtain silicon wafers each having 
a thickness of about 30 ^m. A layer having a conductivity type opposite to that of the wafer is formed in the wafer by 
an appropriate means such as diffusion of a valence control agent or impurity, thereby forming a p-n junctfon. 

Monocrystalline silicon is used in the state-of-the-art solar cell from the viewpoints of the reliability and conversion 

25 efficiency However, since the semiconductor process is used to manufacture a solar cell, cost is high. 

Since a monocrystalline silicon solar cell has a disadvantage in that monocrystalline silbon is subjected to indirect 
transition, its light-absorbing coefficient is small. In addition, since a monocrystalline solar cell absorbs an Incident 
sunbeam, it must have a thickness of at least 50 pni. Since the band gap of the monocrystalline silicon is about 1.1 
eV which is lower than a potential of 1.5 eV required as the electromotive force of the solar cell, long wavelength 

30 components cannot be effectively utilized. 

A silicon wafer having a large area cannot be prepared because silicon is crystalline, i.e., a large silicon wafer 
cannot be obtained. When a high power is to be extracted, unit elements must be connected in series or parallel with 
each other by a wiring operation. When a solar cell is used outdoors, an expensive implementation must be provided 
to protect It from mechanical damage caused by various weather conditions. Cost performance with respect to the unit 

3S power generation amount is poorer than conventional power generation methods. 

When solar cells are put into practice as power sources under these circumstances, various examinations have 
been made on important technical problems on high cost performance and a large cell size. Studies on low-cost ma- 
terials and materials having a high conversion efficiency have been nnade. 

Examples of solar cell materials are tetrahedral non-monocrystalline semiconductors (e.g., arrtorphous silicon, 

40 amorphous silicon germanium, and amorphous silicon carbide), Group ll-Vl compound semiconductors (e.g., Cds and 
CugS). and Group lll-V compound semiconductors (e.g.. GaAs and GaAIAs). Among them all, a thin film solar cell 
using a non-nrKxiocrystalltne semiconductor as a photovoltaic generating layer can have a larger area and a smaller 
thickness than that of a monocrystalline solar cell and can be deposited on an arbitrary substrate material. Therefore, 
the thin film solar cell is most promising. 

45 The solar cell using the above non-monocrystalline semiconductor still has room for improvements of the photo- 

electric conversion efficiency and reliability as a power element. 

Of all the non-monocrystalline semiconductors, a means for improving the photoelectrrc conversion effrciency of 
a solar cell using a non-monocrystalline semiconductor is to increase the sensitivity for light having a long wavelength 
by decreasing in the band gap. That is, since amorphous silicon has a band gap of about 1 .7 eV, light having a wave- 

so length of about 700 nm or more cannot be absorised, and light cannot be effectively utilized. Studies on use of a material 
sensitive to bng-wavelength light and having a small band gap have been made. An example of such a material Is 
amorphous silicon germanium whose band gap can be easily changed from 1 .3 eV to 1 .7 eV by changing the ratto of 
a silicon source gas to a germanium source gas upon film formation. 

Use of a so-called tandem cell, i.e., a plurality of stacked solar cells each having a unit element structure, as 

ss disclosed in U.S. Patent No. 2.949,498 is exemplified as another method of improving a conversk)n efficiency of a 
solar cell. A p-n junction crystalline semkx>nductor is used in this tandem cell. Sunbeam spectra are efficiently absorbed 
by photovoltaic elements having different band gaps, thereby increasing Voc and hence improving the power generation 
efficiency. 
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In the tandem cell, elements having different band gaps are stacked on each otherto efficiently absorb components 
of the sunbeam spectra, thereby improving the conversion efficiency. The band gap of the so-called top cell located 
on the incident side of the multi-layered element is larger than that of the so-called bottom cell located below the top 
cell. A three-layered tandem cell (to be referred to as a triple cell hereinafter) having a middle cell sandwiched between 

s the top and bottom cells has been considered. 

As a general combination of materials suitably and efTiciently absorbing sunbeanis in the tandem cell and partic- 
ularly in a two-layered tandem cell, the top cell consists of anrwrphous silicon, and the bottom cell consists of amorphous 
silicon germanium. In a triple cell, the top and middle cells consist of amorphous silicon, and the bottom cell consists 
of amorphous silicon gemnanium. 

10 In order to increase the sensitivity range of the triple cell, use of a material such as amorphous silicon carbide 

which does not absorb long-wavelength light at a band gap of 1 .9 eV Is taken into consideration. A material having a 
large band gap is used as the top cell on the light incident side to absorb light components having relatively short 
wavelengths of the sunbeam spectra A material having a small band gap is used as a middle cell, and a material 
having the smallest band gap is used as a bottom layer, thereby efficiently absorioing sunbeams. 

IS Techniques of the conventional multi-layered photovoltaic element described above are disclosed in, e.g., U.S. 

Patent Nos. 4.271,328 (Hamakawa), 4,377,723 (Dalai). 4,816,082 (Guha et al). 4.379.943. 4.342,044, 4.485.389. and 
4,272.641. 

Another problem on the solar cell using an amorphous semiconductor Is degradation of conversion efficiency upon 
light radiation. The film quality of amorphous silicon and an amorphous silicon alloy is degraded upon light radiation, 

20 and mobility of the carriers is Impaired, as is well known as a Staebler-Wronski effect. This phenomenon is unique to 
an amorphous semiconductor, which is not found in crystalline systems. When a solar cell is used as a power source, 
reliability is degraded, whrch may prevent practical applk:ations of solar cells. Extensive studies have been made to 
reduce optical degradation of amorphous semiconductors. More specifically, preventk)n of optical degradation by im- 
proving film quality has been studied. 

2S In the solar cell having the amorphous semiconductor layer described above, although studies on clarification of 

a mechanism for the optical degradation and prevention of the optical degradation continue, this problem has not been 
completely solved. Higher reliability is required in amorphous silicon solar cells. 

SUMMARY OF THE INVENTION 

30 

It Is a principal object of the present invention to provide a photovoltaic element which has high reliability, can 
obtain a high photoelectric conversion efficiency over a long perkxj of time, and has a high output voltage. 

It is another object of the present invention to provide a multi-layered photovoltaic element having three stacked 
pin photovoltaic elements, wherein an i-type semiconductor layer in the middle photovoltaic element essentially consists 
3S of an amorphous silicon germanium alby semiconductor having a band gap falling within a range of 1 .45 eV to 1 .60 eV 
The present inventors have made extensive studies on a solar cell which overcomes the conventbnal problems 
described above, has little optical degradation, and has a high conversion efficiency. The present Inventors have ob- 
tained the following findings. When a material having a small band gap is used as a middle cell in a triple cell, the Initial 
efficiency Is Improved. In addltbn, when the band gap of the material used as the middle cell is appropriately controlled. 
40 a solar cell stable against light radtatbn Is obtained. Further extensive studies have been made on the basis of the 
above findings to achieve the present inventbn by applying it to a photovoltaic element. 

In the conventional triple cell described above, a maximum efficiency of the cell cannot be obtained unless current 
matching for equalizing current amounts obtained by the respective cells is not performed. However, a band gap ob- 
tained In use of amorphous silicon In the middle cell is almost equal to that of the top celt. An j layer sending as a light- 
4S absoriaing layer must then be made thick to sufficiently perform light absorption. Therefore, the thickness of the j layer 
of the middle cell is larger than that of the top cell or the bottom cell. For this reason, although degradation Is hard to 
occur in the top cell or the bottom cell due to the small thtekness of the corresponding] layer, the middle cell tends to 
be easily degraded. As a result, the conversion efficiency of the overall stacked cell is limited by that of the cell having 
a poor efficiency, and the cell is easily degraded. A solar cell which simultaneously satisfies high reliability and high 
so conversion efficiency cannot therefore be realized by improving only the film quality of each layer 

As opposed to the conventbnal technical concept for preventing degradatbn of the photoelectric conversbn effi- 
ciency by improving film quality, the present invention prevents degradation of the photoelectrb conversion efficiency 
by an optimal combination of a multi-iayered cell. 

ss BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a sectional view illustrating a structure of a photovoltaic element according to an embodiment of the present 
invention; 
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Fig. 2 is a sectional view illustrating a structure of a photovoltaic element according to another embodiment of the 
present invention; 

Fig. 3 is a schematic diagram showing a film forming apparatus for forming a photovoltaic element according to 
the present Invention; 

s Fig. 4 Is a graph showing a relationship between the i-layer film thickness of an amorphous silicon germanium 

single cell and the degrading ratio; 

Fig. 5 is a graph showing a relationship between the iHayer band gap of the amorphous silicon germanium single 
cell and the i-layer film thickness; 

Fig. 6 is a graph showing a relationship between the i-layer band gap of the amorphous silicon germanium single 
10 cell and the conversion efficiency after degradation; 

Fig. 7 is a graph showing a relationship between the middle cell Hayer band gap of a triple cell and the Initial 
conversion efficiency; 

Fig. 8 is a graph showing a relationship between the middle cell i-layer band gap of the triple cell and the conversion 
efficiency after degradation; and 
IS Fig. 9 is a graph showing a relationship between the middle cell i-layer band gap of the triple cell and the conversion 

efficiency after degradatkxi when the bottom cell i-layer band gap of the triple cell Is changed. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 Preferred embodiments of the present invention will be described with reference to the accompanying drawings. 

A preferred embodiment of the present Invention provides a multi-layered photovoltaic element having at least 
three stacked pin photovoltaic elements to obtain a photovoltaic element having a high initial conversion efficiency and 
a high conversion efficiency after degradation, wherein an i-type semfconductor layer 114 as the second layer from 
the light incident side of the photovoltaic element consists of an amorphous material having a band gap falling within 

25 theiangeof 1.45eVto1.60eV. 

Figs. 1 and 2 show pin amorphous solar cells as photovoltaic elements according to the present invention. Fig. 1 
shows a solar cell 100 on which light is incident downward. This solar cell comprises a bottom cell 120, a middle cell 
121, a top cell 123. a substrate 101, a lower electrode 102, n-type semiconductor layers 103, 113, and 123, i-type 
semiconductor layers 104, 114, and 124, p-type semiconductor layers 105, 115, and 125, an upper electrode 106, and 

30 collectors 107. 

In the illustrated photovoltaic element, the stacking order of the n- and p-type semiconductor layers may be reversed 
in accordance with an applicatton purpose. Fig. 2 shows a solar cell having a structure on which light is incident from 
a transparent substrate 101. In this structure, the light inckJent direction is opposite to that of the solar cell in Fig. 1. 
An arrangement of each of these photovoltaic elements will be described bebw. 

3S 

(Substrate) 

As a semiconductor layer Is a thin film having a maximum thickness of about 1 ^m, it is deposited on an appropriate 
substrate serving as a support. The substrate 101 may be monocrystalline or non-monocrystalllne or conductive or 

40 electrically insulative. The substrate 101 may also be transparent or nontransparent. The substrate 101 is preferably 
a substrate which is little defonned or distorted and which has a desired strength. Examples of the substrate are: a 
thin film or its composite body of a metal (e.g., Fe. Ni, Cr, Al. Mo, Au, Nb, Ta. V, Tl, R. or Pb) or an alloy thereof (e.g., 
brass or stainless steel); a film or sheet of a heat-resistive synthetk: resin (e.g., polyester, polyethylene, polycarbonate, 
cellulose acetate, polypropylene, polyvinyl chkjride. polyvinylidene chloride, polystyrene, polyamide, polylmkie, or 

45 epoxy) or a composite body of the heat-resistive synthetic resin and a fiber (e.g., a glass fiber, a cariaon fiber, a boron 
fiber, or a metal fiber); a material obtained by coating a metal thin film made of a material different from that of the 
above metal thin plate or the resin sheet, and/or an insulating thin film (e.g., SIO2, Si3N4. AI2O3, or AIN) on the surface • 
of the metal thin film or the resin sheet by sputtering, vapor deposition, or plating; glass; and ceramic. 

When the above substrate is used as a substrate for a solar cell and the stripe-like substrate is nnade of an elec- 

50 trfeally conductive material such as a metal, the substrate can be directly used as a current extraction electrode. How- 
ever, if the substrate is made of an electrbally insulating material such as a synthetic resin, a metal or alk>y (e.g., Al. 
Ag, R, Au. Ni. T\, Mo, W. Fe, V, Cr. Cu, stainless steel, brass, or nichrome) and a transparent conductive oxide (TCO) 
(e.g., SnOg, IngOg, ZnO, or ITO) may be preferably fonned as a current extraction electrode in advance by plating, 
vacuum depositbn. or sputtering after the substrate is surface-treated. 

ss Even if the stripe-like substrate is made of an electrically conductive material such as a metal, a metal layer con- 

sisting of a material different from that of the substrate may be formed on the prospective depositbn film formation 
surface of the substrate to increase the reflectance on the surface of the substrate for light having a bng wavelength 
and prevent diffusion of constituting elements between the substrate material and the deposition film material. When 
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the substrate is relatively transparent and a solar cell having a layer structure for allowing light Incidence from the 
substrate side is to be formed, a conductive thin film such as the transparent conductive oxide or the metal thin film is 
preferably formed on the substrate in advance. 

The surface of the substrate may be smooth or slightly roughened. If the substrate has a slightly rough surface, 
the surface pattem has a spherical, conical, or pyramidal shape. The surface pattern preferably has a maximum height 
(Rmax) falling within the range of 50 nm to 500 nm to cause Irregular reflection on the surface, thereby increasing the 
optical path length of light reflected on the surface. The substrate may have a shape of a plate, an elongated belt, a 
cylinder or the like having a smooth or slightly rough surface. The thickness of the substrate is properly detennined so 
as to form a desired photovoltaic element. In this case, if flexibility is required for the photovoltaic element, or If light 
incidence from the substrate side is required, the substrate can have a minimum thickness to assure the substrate 
f unctk)n. However, the thickness of the substrate generally falls within the range of 10 pm or more in view of fabrteatlon 
convenience, handling, and mechanical strength. 

In the photovoltaic element according to the present Invention, appropriate electrodes are selected and used in 
accordance with the arrangement of the element. These electrodes include a lower electrode, an upper electrode 
(transparent electrode), and a collector (note that the upper electrode is defined as an electrode formed on the light 
incident side, and the lower electrode is defined as a counter electrode opposite to the upper electrode so as to interpose 
a semiconductor layer therebetween). These electrodes will be described in detail bek>w. 

(Lower Electrode) 

20 

The position of the lower electrode 102 used in the present invention is changed depending on whether the sub- 
strate 101 is made of a transparent material and which surface is irradiated accordingly with light for generating a 
photovoltaic force (for example, if the substrate 101 is nnade of a non-transparent material such as a metal, the light 
for generating a photovoltaic is radiated on the upper electrode 106, as shown In Fig. 1). 

2S More specifically, in the layer structure shown in Fig. 1 . the lower electrode is formed between the substrate 101 

and the n-type semiconductor layer 103. However, if the substrate 101 is conductive, the substrate also serves as the 
lower electrode. Note that even if the substrate 101 is conductive, if its sheet resistance is high, the electrode 102 may 
be formed as a current extraction low-resistance electrode or to increase the reflectance on the substrate surface and 
efficiently utilize the incident light. 

30 In the structure shown in Fig. 2, since the transparent substrate 101 is used, light is Incident from the side of the 

substrate 101 . A lower electrode 102 is formed to sandwich a semiconductor layer with the substrate 101 to extract a 
current and reflect light on the bwer electrode. 

When the substrate 101 comprises an electrically insulating substrate, the lower electrode 102 as a current ex- 
traction electrode is formed between the substrate 101 and the n-type semiconductor layer 103. 

35 Examples of the electrode are a metal (e.g., Ag. Au, Pt. Ni. Cr, Cu. Al. Ti. Zn, Mo. or W) or an altoy thereof. Such 

a material is deposited to form a thin film by vacuum depositton, electron beam deposition, or sputtering. The formed 
metal thin film should not serve as a resistive component to an output from the photovoltaic element. The metal film 
has a sheet resistance of preferably 50 Q/D or less and more preferably 10 QOor less. 

A diffuston stopper layer (not shown) such as a conductive zinc oxide film may be formed between the lower 

40 electrode 102 and the n-type semiconductor layer 103. The effects of the diffusion stopper layer are as follows. This 
layer prevents the metal element constituting the lower electrode 102 from being diffused in the n-type semiconductor 
layer. The diffusion stopper layer has a low resistance to prevent a short circuit caused by a defect such as a pinhole 
between the lower electrode 102 and the transparent electrode 1 06 which sandwich the semiconductor layer therebe- 
tween. The diffusion stopper layer causes the thin film to generate multiple Interference, thereby confining the inckjent 

45 light within the photovoltaic element. 

(Upper Electrode (Transparent Electrode)) 

The transparent electrode 106 used in the present invention preferably has a transmittance of 85% or nnore to 
50 efficiently absorb light from the sun or the white fluorescent lamp in the semiconductor layer. The transparent electrode 
106 preferably has a sheet resistance of 100 or less so as to prevent the transparent electrode from serving as a 
resistive component for an output from the photovoltaic element. Examples of the material having the above properties 
are a metal oxide (e.g.. SnOg. IngOg. ZnO, CdO. CdSn04, ITO (IngOg+SnOg)) and an opaque metal thin film made of 
Au, Al, or Cu. The transparent electrode 106 is formed on the p-type semiconductor layer 105 in Fig. 1 . A transparent 
55 electrode 106 is formed on the substrate 101 In Fig. 2. An electrode material having a high adhesion strength with the 
layer 105 or the substrate 101 must be selected. The transparent electrode is formed by selectively using resistive 
heating depositk>n, electron beam heating deposition, sputtering, or spraying. 
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(Collector) 

The collector electrode 107 used in the present invention is formed on the transparent electrode 106 to reduce 
the surface resistance of the transparent electrode 106. The collector material Is a thin film of a metal (e.g., Ag, Cr, Nl. 
s Al. Ag, Au, Ti, R. Cu, Mo. or W) or an alloy thereof. The above thin films can be stacked on each other The shapes 
and areas of these thiri films are appropriately designed so that a sufficient amount of light is incident on the semicon- 
ductor layer. 

For example, the shape of the thin film is uniformly spread with respect to the light-receiving surface of the pho- 
tovoltaic element. The area of the thin film is preferably 15% or less and nnore preferably 10% or less with respect to 
70 the light-receiving area. The thin film has a sheet resistance of preferably 50 QK2 or less and more preferably 10 CUn 
or less. 

The semiconductor layers 103. 104. 105, 113, 114. 115. 123. 124, and 125 are formed by the conventional thin 
film formation process and can be arbitrarily formed using known methods such as vacuum deposition, sputtering, RF 
plasma CVD, microwave plasma CVD, ECR, thermal CVD. and LPCVD. Plasma CVD for decomposing a source gas 
15 by a plasma to deposit a vapor on a substrate is most popular as an industrial method. A batch apparatus or a continuous 
film formation apparatus can be arbitrarily used as a reaction apparatus. When a valence-controlled semiconductor Is 
to be prepared, PH^ and B2HQ gases respectively containing phosphorus and boron are simultaneously decomposed 
to obtain such a semiconductor. 

20 (i-Type Semiconductor Layer) 

in the middle cell of the photovoltaic element according to the present invention, examples of the semiconductor 
material constituting the l-type semiconductor layer are amorphous silicon germanium and amorphous silicon tin. How- 
ever, when an amorphous silicon germanium] layer is to be formed, a so^ailled Group IV alloy semiconductor material 
25 such as a-SiGe:H, a-SiGe:F, or a-SiGe:H:F can be used. Examples of the semiconductor material constituting the I- 
type semiconductor layer, except for amorphous silicon germanium in the tandem cell structure are so-called group IV 
and IV alloy semiconductor materials: 

a-Sf:H. a-Si:F. a-Si:H:F, 
30 a-SiC:H, a-SiC:F, 

a-SiC:H:F. poly-SI:K 
poly-Si:F, poly-Si:H:F 

and so-called group lll-V and ll-VI compound semiconductor materials. 
35 A source gas used in CVD contains a chain or cyqiic silane compound as a compound containing silicon element. 

Examples of the source gas are gaseous materials or materials which can be easily gasified, such as SiH4. SiF4, 
(SiF2)6. (SiF2)6. (SiF2)4. SigFe. SlgFe, 

SIHF3, SiHaFg. Si2H2F4, SiaHgFa. SiCU. (SiCys. SiBr4, (SiBr2)s, SiClg. SiHCIa, SiHBrg, SiHaCig, and S\C\^V^. 
Compounds containing germanium element are a chain germane or germanium halide compound, a cyclic ger- 
40 mane or germanium halide compound, a chain or cyclic germanium compound, and an organic germanium compound 
having an alkyi group. Examples of such a compound are GeH4, GegHg, GeaHg, n-GeH^o. t-Ge4Hio. GeHg. GegH^o* 
GeHgCI, GeHaFg. Ge(CH3)4, 0^^(02^^^. Ge(CeHs)4. G^e{OH^2^2^ G^Fa. and GeF4. 

(P- and N-Type Semiconductor Layers) 

45 

A non-rhonocrystalline semiconductor material constituting the p- or n-type semiconductor layer suitably used in 
the photovoltaic element of the present invention is an amorphous semiconductor or a microcrystalline semrconductor 
obtained by doping a valent control agent to a semiconductor material constituting the i-type semiconductor layer. A 
method for forming the i-type semiconductor layer as described above can be suitably used as a method for forming 

50 the p- or n-type semfconductor layer. As for the material of this layer, in order to obtain a deposition film consisting of 
a Group IV element of the periodic table, a compound containing a Group III element of the periodic table is used as 
a valence control agent to obtain a p-type semiconductor. Examples of the Group III element are B. Al, Ga. In. Examples 
of the source gas containing the Group III element are BFg, BgHg. B4H^o, B5H9, BsH^i, BgHiQ. B(CH3)3. B(C2H5)3, 
B6H12. AI(CH3)2CI, AI(CH3)3. AI(OCH3)2CI, AKCHajClg. AI(C2Hs)3, AI(OC2H5)3. AI(CH3)3Cl3. AI(i-C4H9)5, AI(C3H7)3. 

55 AI(OC4H9)3. Ga(OCH3)3, Ga(OC2H5)3. Ga(OC3H7)3, Ga(CH3)3. Ga2H6. GaH(C2H5)2. GaCOCgHg), (C2Hs)2. ln(CH3)3. 
'n{C3H7)3. and ln(C4H9)3. 

A compound containing a Group V element of the periodic table as a valence control agent is used to obtain an 
n-type semiconductor. Examples of the Group V element are P, N. As, Sb. Examples of the source gas containing the 
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Group V element are NH3HN3. N2H5N3, N2H4, NH4N3, PH3. P(CX:H3)3. P(0C2H5)3. P(C3H7)3. P(0C4H9)3, P(CH3)3, 

P(C2H5)3. P(C3H7)3. P(C4H9)3, P(0CH3)3. P(0C2H5)3, P(0C3H7)3. P(0C4H9)3, P(SCN)3, P2H4. PH3. AsHq. As 

(0CH3)3. As(OC2H6)3. As(OC3H7)3. As(OC4H9)3. As(CH3)3, As(CH3)3. As(C2H6)3. As{C6H5)3. SbHa. Sb(OCH3)3. Sb 
(OCgHsjg. Sb(OC3H7)3. Sb(OC4H9)3. Sb(CH3)3. Sb(C3H7)3, and Sb(C4Hg)3. 

The above source gases may be used singly or in a combination of at least two gases. 

When the source material is in a gaseous state at the atmospheric pressure, the flow rate of the material supplied 
to a film formation space is controlled by a mass flow controller (to be referred to as an MFC hereinafter). However, 
when the source material Is in a liquid state, a rare gas such as Ar or He or hydrogen gas is used as a carrier gas to 
gasify the liquid materials by a temperature-controllable bubbler. When the source material is set in a solid state, a 
rare gas such as Ar or He or hydrogen gas is used as a carrier gas to gasify the material by a heating sublimation 
furnace. The flow rate of the material supplied to the film fonmation space Is controlled by mainly the flow rate of the 
carrier gas and the fumace temperature. 

In the triple cells shown in Figs. 1 and 2. each cell is preferably formed of semiconductor layers having the following 
relationships between band gaps and film thicknesses. 

(Top Cell) 

Since the Mayer band gap of the middle cell falls within the range of 1 .45 eV to 1 .60 eV, the J layer of the top cell 
preferably has a band gap larger than that of the j layer of the middle cell and a thickness snrialler than that. More 
20 specifically, the film thickness falls within the range of 50 nm to 200 nm and the band gap falls within the range of 1 .60 
eV to 2.20 eV. In addition, the top cell j layer preferably consists of amorphous silicon or amorphous silicon containing 
at least one element selected from carbon, oxygen, and nitrogen. 

(Bottom Cell) 

The bottom cell which is formed adjacent to the middle cell and on which light having passed through the middle 
cell is incident preferably has a thickness larger than that of the middle cell i layer and a band gap smaller than that. 
More specifically, the film thickness more preferably falls within the range of 100 nm to 300 nm, and the band gap more 
preferably falls within the range of 1 .30 eV to 1 .45 eV. 

The content of carbon (C), nitrogen (N), oxygen (O). phosphorus (P). or boron (B) contained in the middle cell is 
preferably low. The concentrations of cart)on. nitrogen, oxygen, phosphorus, and boron are 1 x 10^® atoms/cm^ or 
less, 1 x lO^s atoms/cm^ or less. 5x10^® atoms/cm^ or less, 1 x 10^9 atoms/cm^ or less, and 2 x 10^7 atoms/cm^ or 
less, respectively. 

On the other hand, the contents of halogen atorris (X) such as hydrogen (H) and fluorine (F) in the middle cell are 
relatively high. The concentratbns of hydrogen and a halogen are set to be 1 x 1020 atoms/cm^ or more and 1 x 10^7 
atoms/cm^ or nriore, respectively. 

The present inventors made the foltowing experiments using the above materials. 

(Experiment 1) 

40 

A pin solar cell using an amorphous silicon germanium j layer was formed using a known RF discharge plasma 
CVD apparatus shown in Fig. 3. 

Referring to Fig. 3, the RF discharge plasma CVD apparatus comprises a reaction chamber 700 in whrch a substrate 
101 is stored, an anode electrode 702. a cathode electrode 703, a substrate heater 704, a ground temninal 705. a 
45 matching box 706, an RF power source 707, an evacuation pipe 708, an evacuation pump 709. a film formation gas 
supply pipe 710. valves 720, 730. 740. 750, 760. 722, 732. 742, 752. and 762, and mass flow controllers 721. 731, 
741, 751, and 761. 

A 5-cm square stainless steel (SUS 304) substrate 101 having a min-or surface with an B^ok value of 0.05 ^m was 
placed in a sputtering apparatus (not shown), and the interior of the apparatus was evacuated to a vacuum of 1 .3-1 Qr^ 
so Pa (1 1 "7 Torr) or less. Ar gas was supplied to the apparatus to set the internal pressure to be 0.67 Pa (5 mTon-). A DC 
plasnna discharge was generated at a power of 200 W. An Ag target was used to perform sputtering of an Ag deposition 
film having a thickness of about 500 nm. 

Thereafter, the target was changed to a ZnO target, and a DC plasma discharge was generated under the same 
internal pressure and power conditions to perform sputtering, thereby depositing a ZnO film having a thickness of about 
55 500 nm. 

After a kjwer electrode 1 02 was formed in the above process, the substrate 101 was removed and was mounted 
on the cathode in the reactbn chamber 700. The interior of the reaction chamber 700 was sufficiently evacuated by 
the evacuation pump 709. The degree of vacuum of the reactbn chamber 700 was set to be 1 .3-10^ Pa (10*® Ton^) by 
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an ion gauge (not shown). 

The substrate 101 was heated to 300'»C by the substrate heater 704. When the substrate ten^perature was stabi- 
lized, the valves 720 and 722 were opened. The flow rate of SiH4 gas was controlled to 30 SCCM by the mass flow 
controller 721 . and the SiH4 gas was supplied from an SiH4 gas bomb (not shown) to the reaction chamber 700 through 
s the gas supply pipe 71 0. 

Similarly, the valves 740 and 742 were opened, and the flow rate of Hg gas was controlled to be 300 SCCM by 
the mass flow controller 741 , and the gas was supplied. The valves 750 and 752 were opened, and the flow rate 
of PH3 gas diluted to 5% by H2 gas was controlled to 1 0 SCCM. The PH3 gas diluted with Hg gas was supplied to the 
reactbn chamber. 

10 After the internal pressure of the reaction chamber 700 was set to be 2 hPa (1 .5 Torr), a 1 0-W power was supplied 

from the RF power source 707 to the reaction chamber 700 through the matching box 706. A plasma discharge was 
perfomied for three minutes to deposit phosphoms-doped hydrogenated amorphous silicon 1 03 as the n-type monoc- 
rystalline silicon layer. 

After gas supply was interrupted, the reaction chamber 700 was set in a vacuum again. The degree of vacuum in 
IS the reaction chamber 700 was set to be 1.3-10^ Pa (10"^ Torr) or less. The valves 720, 722. 730, 732, 740, and 742 
were opened to supply SIH4 gas, H2 gas. and GeH4 gas respectively having flow rates of 30 SCCM. 300 SCCM. and 
5 SCCM to the reaction chamber 700. 

A 20-W power was supplied from the RF power source 707 to generate a plasma discharge, and film formation 
was performed for 5 minutes, thereby depositing a hydrogenated amorphous silicon germanium] layer 104 consisting 
20 of amorphous silicon gennanium having a thickness of about 60 nm. The response speed of the mass flow controller 
731 was sufficiently high, and the set flow rate was immediately set within one second without overshooting. An error 
against the set flow rate fell within the range of ±2%. A pressure controller (not shown) was used to prevent a variation 
in pressure caused by a variation in flow rate. Flow control of the mass flow controller 731 was accurately performed 
by a microcomputer. Note that the band gap of the amorphous silicon germanium film deposited under the above 
26 conditions was confirmed to be 1 .53 eV in advance in accordance with a sample deposited on a glass substrate. 

The flow rate was set to be 0 SCCM by the mass flow controller. The valves 720. 722. 730, 732, 740, and 742 
were closed to instantaneously set the flow rates of the GeH4 gas, the SiH4 gas, and the H2 gas to 0 SCCM. The RF 
power was set to 0 W to interrupt the plasma discharge, and gas supply was interrupted. The degree vacuum of the 
reaction chamber 700 was set to be 1 .3.10-^ Pa (10-« Torr) or less. The valves 720, 722, 730. 732. 740. and 742 were 
30 opened to supply SiH4 gas. Hg gas, and BgHe gas diluted to 5% with H2 gas respectively at flow rates of 1 SCCM. 300 
SCCM, and 1 0 SCCM to the reaction chamber 700. 

A 20-W power was supplied from the RF power source 707 to generate a plasma discharge, and film formation 
was performed for 5 minutes to deposit a 10 nm thick p4ype layer 105, thereby forming the bottom cell. Note that the 
p-type layer deposited under the above conditions was confirmed as boron-doped hydrogenated microcrystalline silicon 
35 having a grain size falling within the range of 2 nm to 1 0 nm by reflection high-speed electron beam diffraction (RHEED) 
from a sample deposited on a glass substrate. 

After the substrate 101 was cooled, It was unloaded from the reaction channber 700. The substrate 101 was then 
placed in a resistive heating deposltton apparatus (not shown). The interior of the apparatus was evacuated to 1 .3-ia5 
Pa (10-7 Torr) or less, and the internal pressure was set to be 0.067 Pa (0.5 mTorr). An alloy of In and Sn was deposited 
40 by resistive heating, thereby depositing a 70 nm thick transparent conductive film (ITO film) also having an antireflection 
function. This film was defined as an upper electrode 106. 

Upon completion of deposition, the sample was removed and divkled into subcells each having a size of 1 cm x 
1 cm by a dry etching apparatus (not shown). The subcells were transferred to another deposition apparatus, and 
aluminum collectors 107 were formed by electron beam deposition. The resultant solar cell is defined as S-1. 
^ Film formation was performed following the same procedures as described above except that the deposition pe- 

riods were set to be 10, 15. 20, and 25 minutes. The resultant samples are defined as S-2, S-3. S-4, and S-5. 

These samples were placed on a temperature-controllable sample table, and the temperature was kept at a tem- 
perature of 25''C. The upper electrodes 106 of the samples were irradiated with light having AM-1,5 sunbeam spectra 
having an intensity of 100 mW/cnn^ by using a pseudo solar source (to be refen^ed to as a solar simulator) using a 
so xenon lamp as a light source. The currentA^ottage characteristics of the samples were measured to obtain initial con- 
version efficiencies ti(0) of the solar cells. 

Optical degradatksn characteristics of these samples were evaluated as follows. 

Optical loads were calculated from open voltages Voc and short-circuiting current Isc derived from the above 
currentA/oltage characteristics, and toad resistors were respectively connected to the samples. 
ss The samples connected to the load resistors were placed on the sample table kept at 25*C, and the AM-1.5 light 

described above (1 00 mW/cm2) was continuously radiated on the samples for 500 hours. Optical conversion efficiencies 
Ti(500) of the samples irradiated with the AM-1.5 light (100 mW/cm^) from the upper electrodes 106 were obtained 
foltowing the same procedures as described above. The degradatton ratios (1 - ti(500)/ti(0)) x 100 (%) were obtained 
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from 11(500) and r\(Q) obtained in tliis manner. Results are shown in Fig. 4. As can be apparent from Fig. 4. solar ceil 
characteristics can be stable upon light radiation when the thickness of the J ^yer is smaller. 

(Experiment 2) 

5 

The flow rate of the GeH4 gas during formation of the j film was changed to change the band gap between 1 .67 
eV, 1.60 eV, 1.42 eV, and 1.30 eV. Solar cells having appropriate film thicknesses were obtained so that their short- 
circuiting currents Jsc were equal to that of sample S>1 of Experiment 1 . The resultant samples were defined as S-6. 
S-7, S-8, and S-9. A relationship between the band gaps and the film thicknesses of the samples is shown in Fig. 5. 
10 It is readily understood from Fig. 5 that the thickness of the j layer required to obtain the same short-circuiting current 
becomes small when the band gap of the J layer is smaller. 

Conversion efficiencies ii(500) of samples S-6 to S-9, and S-1 upon light radiation for 500 hours were obtained 
following the same procedures as in Experiment 1 , and results are shown in Fig. 6. It is apparent from the results shown 
in Fig. 6 assuming that the maximum t|(500) value is given as 1 that the conversion efficiency upon optical degradation 
IS can be increased when the band gap of the j layer is changed from 1.45 eV to 1,6 eV. This result may lead to the 
following conclusion. When the band gap of the] layer is decreased, the short-circuiting current is increased, and the 
film thickness can be reduced, thereby suppressing optical degradatkxi. However, when the band gap of the j layer is 
decreased, the open voltage is lowered and the film quality is also degraded. A factor called a fill factor of the solar 
cell characteristics may also be decreased. 
20 It is therefore easily understood that optimal design can be performed by a trade-off relationship between the 

degradation prevention effect by a decrease in thickness of the] layer and the decrease in Initial conversion efficiency. 

Extensive studies have been made by the present inventors on the basis of the above experiments. The present 
inventors have thus achieved the present invention by optimally designing amorphous silicon germanium used in a 
triple cell. 

2S 

(Example 1) 

A triple cell according to the present Invention was manufactured using the CVD film formation apparatus shown 
in Fig. 3. After a lower electrode 102 was formed foltowing the same procedures as in Experiment 1 . a substrate 101 
30 was removed. The substrate 101 was then mounted on the cathode in the reaction chamber 700, and the reactbn 
chamber was sufficiently evacuated by the evacuation pump 709. The degree of vacuum of the reaction chamber 700 
was set to be 1.3.10^ Pa (10^ Ton-) by an ion gauge (not shown). The substrate 101 was heated to 300**C by the 
substrate heater 704, and a 40 nm thick n-type amorphous silicon layer 103 was deposited following the same proce- 
dures as In Experiment 1 . 

35 After gas supply was Interrupted, the reactbn camber 700 was evacuated again. The degree of vacuum of the 

reaction chamber 700 was set to be 10-6 jorr or less. The valves 720, 722, 730, 732, 740, and 742 were opened to 
supply SiH4 gas. gas, and GeH4 gas respectively having flow rates of 30 SCCM, 300 SCCM, and 5.0 SCCM to the 
reactfon chamber 700. A 20-W power was supplied from the RF power source 707 to generate a plasma discharge. 
Film formatton was performed for 30 minutes to deposit a non-doped amorphous silicon germanium] layer 1 04 having 

40 a thickness of about 180 nm %. Note that the band gap of the amorphous silicon germanium film deposited under the 
above conditions was confinned to be about 1 .53 eV in advance as described in Experiment 1 . A boron-doped hydro- 
genated microcrystalline siteon layer 1 05 containing a p-type Impurity was deposited to a thickness of 1 0 nm following 
the same procedures as in Experiment 1 , thereby forming a bottom cell. 

An n-type layer 113 was formed as in the n-type layer of the bottom cell, and a 100 nm thtek j layer 114 was 

45 deposited following the same procedures as described above except that the flow rate of the GeH^ gas was set to be 
2.5 SCCM. Note that the band gap of the non-doped hydrogenated anrK)rphous silicon germanium film deposited under 
the above condrtbns was confirmed to be about 1.60 eV from a sample deposited on the substrate. 

A boron-doped hydrogenated microcrystalline silicon layer 115 was deposited to form a mkidle cell following the 
same procedures as In Experiment 1 . 

50 After an n-type layer 1 23 was formed as in the n-type layer of the bottom cell. SiH4 gas having a flow rate of 30 

SCCM and gas having a flow rate of 300 SCCM were supplied to the reaction chamber, and a 20-W power was 
supplied thereto to deposit the 70 nm thick non-doped hydrogenated amorphous silteon j layer 124. A p-type layer 125 
was deposited as In the p-type layer of the bottom cell, thereby forming a top cell. 

After the substrate 101 was cooled, it was removed from the reaction chamber 700. A 70 nm thick transparent 

55 conductive film (ITO film) was deposited following the same procedures as in Experiment 1. and this deposition film 
was defined as an upper electrode 106. The sample was then removed from the reaction chamber. The sample was 
divided into subcells each having a size of 1 cm x 1 cm by a dry etching apparatus (not shown). The subcells were 
placed in another depositfon apparatus, and aluminum collectors 107 were fomfied by electron beam deposltbn. The 
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resultant solar ceil was defined as sample No. 1-1. 

Samples were formed following the same procedures as described above except that the band gaps and deposition 
periods of the J films 114 were changed. The resultant samples were defined as Nos. 1-2. 1-3, 1-4, 1-5. and 1-6. In 
additbn. sample R-1 having an amorphous silicon J layer 114 was also formed. 
s These samples were irradiated with AM-1 .5 light having an Intensity of 100 mW/cm^ by using the solar simulator, 

and voltage vs. current curves were obtained to measure initial conversion efficiencies of the solar cells. 

The results are shown in Fig. 7. A conversion efficiency ii(0) was normalized by defining a conversion efficiency 
Tif^(O) of sample R-1 as 1 . Optical degradation measurement was performed folbwing the same procedures as in 
Experiment 2 by using AM-1 .5 light (1 00 mW/cm^) to obtain conversion efficiencies ii(500) after 500 hours. Results of 
10 the efficiencies normalized with the efficiency tir(500) of sample R-1 as 1 are shown in Fig. 8. 

As can be apparent from Figs. 7 and 8, when the band gap of the middle cell is set to fall within the range of 1 .45 
eV to 1 .60 eV, a solar cell having a high conversion efficiency can be obtained. 

Triple cells having different middle cell j layers obtained by changing the band gap of the j layers of the bottom cell 
to 1 .3 eV, 1 .45 eV, and 1 .60 eV were prepared. Conversion efficiencies ti(500) of these samples after 500 hours upon 
IS optical degradation were obtained following the same procedures as in Experiment 2 and were normalized using the 
efficiency iir(500) of sample R-1 as 1. Results are shown in Fig. 9. As is apparent from Fig. 9. the band gap of the] 
layer of the middle ceil preferably falls within the range of 1 .45 eV to 1 .60 eV. 

(Example 2) 

20 

A color cell having the structure shown in Fig. 2 obtained by depositing triple cells on a glass substrate was formed 
using the film formation apparatus in Fig. 3. 

The surface of a 5-cm square quartz glass substrate 101 was mlrror^nished to obtain an R^ value of 0.05 ^m, 
and a 300 nm thick Sn02 film was deposited on the substrate using a deposition apparatus (not shown), thereby forming 
2S the upper electrode 106. 

The substrate 101 was removed and mounted on the cathode of the reaction chamber 700, and the chamber was 
sufficiently evacuated by the evacuation pump 709. The degree of vacuum of the reactton chamber 700 was set to be 
1.3.10^ Pa (10^ Torr) by an ion gauge (not shown). 

The substrate 101 was heated to 300*^0 by the substrate heater 704. When the substrate temperature was stabi- 
30 lized, a 1 0 nm thick p-type boron-doped hydrogenated microcrystalllne silicon layer 1 23 was formed following the same 
procedures as in Example 1 . 

Upon completion of gas supply, the reaction chamber 700 was evacuated again, so that the degree of vacuum of 
the reaction chamber 700 was set to be 1.3-10^ Pa (10-^ Torr). SiH4 and H2 gases respectively having flow rates 30 
SCCM and 300 SCCM were supplied to the reaction chamber 700. and a 20-W power was supplied from the RF power 
3S source 707, thereby generating a plasma discharge. Film fomnation was performed for 10 minutes to deposit a non- 
doped hydrogenated armrphous silicon J layer 124 having a thickness of about 60 nm. 

An n-type layer 1 25 was deposited to form a top cell 1 23 located on the light inckient side. 

After boron-doped hydrogenated microcrystalllne silicon was deposited as a p-type layer 113 following the same 
procedures as in Example 1 , hydrogenated amorphous silkson germanium 114 as the j layer having a band gap of 1 .60 
40 eV was deposited to have a thickness of 100 nm at a flow rate of 2.5 SCCM of GeH4 gas as in Example 1. An n-type 
layer 115 was deposited to form a middle cell 121 . 

After a p-type layer 103 was deposited as in the top and middle cells, a 180 nm thick hydrogenated amorphous 
silicon gemnanlum j layer 104 having a band gap of 1 .53 eV was deposited at a flow rate of 5 SCCM of the GeH4 gas 
as in Example 1 , and an n-type layer 105 was formed, thereby forming a bottom cell. 
4S After the substrate 101 was cooled, it was removed from the reaction chamber 700 and was placed in a resistive 

heating depositfon apparatus (not shown). Aluminum was deposited to have a thickness of 500 nm to form a lower 
electrode 102. Upon completion of deposition, the sample was removed and divided into subcells each having a size 
of 1 cm X 1 cm by a dry etching apparatus (not shown). The resultant solar cell was defined as sample No. 2-1. 

This sample was irradiated with AM-1 .5 light having an intensity of 1 00 mW/cnr»2 by using the solar simulator, and 
so a voltage vs. current curve was obtained to measure an initial conversk>n efficiency ti(0) of the solar cell. 

Optical degradation characteristbs of these samples were measured folk>wing the same procedures as in Example 
1 to obtain conversion efficiencies t)(500). Results are listed in the foltowing table. Note that these results are normalized 
by using the conversion efficiency iip(500) of sample R-1 as 1 . 

ss (Example 3) 

Film formatk)n was performed by changing film formation gases and film fomnation conditions of mkldle cells shown 
in the foltowing table to prepare solar cell samples each having the triple structure shown in Fig. 1 . The same conditions 
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tor the top and bottom cells as in Example 1 were used, and the film formation apparatus shown in Fig. 3 was also 
used. The resultant samples were defined as sample Nos. 3-1 , 3-2, 3-3. and 3-4. 



Table 



5 


Sample No. 


j Layer Formation 
Condition of Middle 
Layer 


Middle i-Layer Band 
gap 


Initial Efficiency ii(0)/ 
nR(0) 


Efficiency after 500 
Hours Ti(500)/TiFi(500) . 




2-1 


SiH4 30 SCCM 


1.53 eV 


1.15 


1.25 


10 




GeH4 5 SCCM 
H2 300 SCCM 
RF power 20 W 








IS 


3-1 


SigHe 10 SCCM 
GeHiiSSCCM 
H2 100 SCCM 
RF power 10W 


1.63 eV 


1.20 


1.30 


20 


3-2 


SiF>i 50 SCCM 
GeH4 5 SCCM 
H2 500 SCCM 




1 .u 1 


1.10 


25 




RF power 50 W 










3-3 


SI2F6 30 SCCM 
GeF4 5 SCCM 
H2 300 SCCM 


1.60 eV 


1.00 


1.15 


30 




RF power 30 W 










3-4 


SiF4 20SCCM 
GeF4 5 SCCM 


1.53 eV 


1.05 


1.15 


3$ 




H2 30 SCCM 
RF power 50 W 









These samples were irradiated with AM-1.5 light having an intensity of 100 mW/cm2 by using the solar simulator 
to obtain voltage vs. cun-ent curves, thereby measuring the initial conversion efficiencies r\{0) of the solar cell samples. 

The optical degradation characteristics of these samples were measured following the same procedures as in 
Example 1, thereby obtaining the conversion efficiencies ii(500), and the results are shown in the above table. The 
results are normalized by using the conversion efficiency tir(500) of sample R-1 as 1 . 

As is apparent from the above table, in each triple cell, amorphous silicon germanium having a band gap falling 
within the range of 1 .45 e V to 1 .60 eV is used as the] layer of the middle cell to obtain a high initial conversion efficiency 
and a high conversion efficiency after degradation. 

According to the examples of the present invention, in a multi-layered photovoltaic element having three stacked 
pin photovoltaic elements, the i-type semiconductor layer of the photovoltaic element located at the center consists of 
an amorphous silicon germanium altoy semiconductor having a band gap falling within the range of 1 .45 eV to 1.60 
eV. Therefore, a photoelectric conversion apparatus having a high conversion efficiency after degradation and a high 
initial conversion efficiency can be obtained. 



Claims 

1. A multi-layered photovoltaic device comprising: 

a substrate having a surface pattern which has a maximum height falling within a range of 50 nm to 500 nm 
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to cause Irregular reflection at said surface; 

a first photovoltaic cell on said surface of said substrate having an i-type semiconductor layer having a band 
gap falling within a range of 1 .3 eV to 1 .45 eV and a thickness falling within a range of 1 00 nm to 300 nm; 
a second photovoltaic cell on said first photovoltaic cell Including an l-type semiconductor layer having a band 
s gap falling within a range of 1 .45 eV to 1 .6 eV and a thickness smaller than that of said l-type semiconductor 

layer of said first photovoltaic cell, said i-type semiconductor layer consisting essentially of a silicon gernnanium 
amorphous material; 

a third photovoftaic celt on said second photovoltaic cell including an i-type semiconductor layer having a band 
gap falling within a range of 1 .6 eV to 2.2 eV and a thickness smaller than that of said i^ype semiconductor 
^0 layer of said second photovoltaic cell, said thickness falling within a range of 50 nm * 200 nm; and 

a transparent electrode on said third photovoltaic cell providing a light Incident surface. 

PatentansprQche 

75 

1. Photovoltalsche Mehrschk^ht-Vorrtchtung. umfassend: 

ein Substrat mit einem Oberflachenmuster, das eine maximale Hdhe hat, die in einen Bereich von 50 nm bis 
500 nm fallt, wobei unregelma3ige Reflexionen an der Oberflache vemrsacht werden; 
eine erste photovoltaische Zelle auf der Oberflache des Substrats mit einer Halbleiterschicht vom i-Typ mit 
einer Bandlucke. die in einen Bereich von 1,3 eV bis 1,45 eV fallt. und einer Dtcke, die in einen Bereich von 
100 nm bis 300 nm fallt; 

eine zweite photovoltaische Zelle auf der ersten photovoltalschen Zelle, die eine Halbleiterschicht vom i-Typ 
mit einer Bandlucke. die in einen Bereich von 1 .45 bis 1 ,6 eV fallt. und einer DIcke kleiner als der der Halb- 
leiterschtoht vom i-Typ der ersten photovoltalschen Zelle enthalt. wobei die Halbleiterschicht vom l-Typ im 
wesentlichen aus einem amorphen Silizium-Germanium-Material besteht; 

eine dritte photovoltaische Zelle auf der zweiten photovottaischen Zelle, die eine Halbleiterschicht vom i-Typ 
mit einer Bandlucke, die in einen Bereich von 1,6 eV bis 2,2 eV fallt, und einer Dicke kleiner als der der 
Halbleiterschicht vom i-Typ der zweiten photovoltalschen Zelle enthalt, wobei die Dicke In einen Bereich von 
50 nm bis 200 nm fallt; und 

eine transparente Elektrode auf der dritten photovoltalschen Zelle. die eine Lichteinfallsoberflache bereitstellt. 
Revendications 

3S 

1. Dispositif photovoltaTque multicouche comportant : 

un substrat ayant un motif de surface qui prdsente une hauteur maxinnale comprise dans une plage de 50 nm 
k 500 nm pour provoquer une reflexion Irrdgulldre k ladlte surface ; 
^ une premiere cellule photovoltaTque sur ladite surface dudit substrat, ayant une couche de semiconducteur 

de type I prdsentant une bande interdite comprise dans une plage de 1.3 eV ^ 1,45 eV et une dpaisseur 
comprise dans une plage de 100 nm ^ 300 nm ; 

une deuxidme cellule photovoltaTque sur ladite premiere cellule photovoltaTque comprenant une couche de 
semiconducteur de type I ayant une bande Interdite comprise dans une plage de 1.45 eV ^ 1,6 eV et une 
^ dpaisseur infdrieure k celle de ladite couche de semiconducteur de type I de ladite premiere cellule photovol- 

taTque, ladite couche de semiconducteur de type i 6tant constitute essentiellement d'une mati^re amorphe 
au silicium et au germanium ; 

une troisi6me cellule photovoltaTque sur ladite deuxiSme cellule photovoltaTque comprenant une couche de 
semteonducteur de type I ayant une bande interdite comprise dans une plage de 1 ,6 eV ^ 2,2 eV et une 
so tpaisseur inferieure k celle de ladite couche de semiconducteur de type 1 de ladite deuxi^me cellule photo- 

voltaTque, ladite tpaisseur ttant comprise dans une plage de 50 mm - 200 nm ; et 

une Electrode transparente sur ladite trolsldme cellule photovoltaTque prdsentant une surface d'incidence de 
la Iumi6re. 
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